Chl b is one of the major light-harvesting pigments in land plants. The synthesis of Chl b is strictly regulated in response to light conditions in order to control the antenna size of photosystems. Regulation of Chl b also affects its distribution as it occurs preferentially in the peripheral antenna complexes. However, it has not been experimentally shown how plants respond to environmental conditions when they accumulate excess Chl b . Previously, we produced an Arabidopsis transgenic plant (referred to as the BC plant) in which Chl b biosynthesis was enhanced. In this study, we analyzed the photosynthetic properties and genome-wide gene expression in this plant under high light conditions in order to understand the effects of deregulated Chl b biosynthesis. The energy transfer rates between Chl a molecules in PSII decreased and H 2 O 2 accumulated extensively in the BC plant. Microarray analysis revealed that a group of genes involved in anthocyanin biosynthesis was downregulated and that another group of genes, reported to be sensitive to H 2 O 2 , was up-regulated in the BC plant. We also found that anthocyanin levels were low, which was consistent with the results of the microarray analysis. These results indicate that deregulation of Chl b caused severe photodamage and altered gene expression profi les under strong illumination. The importance of the regulation of Chl b synthesis is discussed in relation to the correct localization of Chl b and gene expression.
Introduction
Photosynthesis converts light energy into chemical energy, which is then available for biological processes and plays an essential role in the energy metabolism of plants. Light energy is harvested by pigments of pigment-protein complexes in photosystems ( Grossman et al. 1995 ) . Chl a is a unique pigment that exists in all oxygenic photosynthetic organisms ( Barber et al. 2000 ) . In contrast, other pigments, such as Chl b , Chl c and fucoxanthin, were further acquired in lineages of various organisms ( Koziol et al. 2007 ). Chl b exists in Prochlorococcus , green algae and vascular plants, and is a major photosynthetic pigment in these organisms ( Green and Durnford 1996 ) . In higher plants, Chl b exists as light-harvesting Chl a/b protein complexes (LHCs) that harvest and transfer light energy to both photosystems ( Grossman et al. 1995 ) . LHC is a major light-harvesting component because > 40 % of total chlorophyll binds to LHC in green plants ( Consoli et al. 2005 ) . In addition to its light-harvesting function, LHC is indispensable for the dissipation of excess light energy, although the detailed mechanism is still under debate ( Elrad et al. 2002 ) . Because the formation of LHC absolutely depends on Chl b ( Bellemare et al. 1982 , Chl b synthesis is required for realizing the functions of light harvesting and excess energy dissipation. In fact, a Chl b -less mutant exhibits a slow growth rate under low or normal light conditions ( Hirono and Redei 1963 ) and is severely photodamaged under high light (HL) conditions ( Falbel et al. 1996 ) .
Chlorophyllide a oxygenase (CAO) is the sole enzyme responsible for Chl b synthesis ( Tanaka et al. 1998 ) . Chl b synthesis partly depends on the CAO mRNA level. An increase in CAO mRNA synthesis by the caulifl ower mosaic virus 35S promoter enhanced Chl b accumulation . When plants were transferred from low light (LL) to HL conditions, the CAO mRNA level was immediately down-regulated and, in contrast, the CAO mRNA level gradually increased when
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HL-grown plants were transferred to LL conditions ( Masuda et al. 2003 , Harper et al. 2004 , Pattanayak et al. 2005 . Chl b accumulation is also regulated by the stability of the CAO protein level. The N-terminal domain (A-domain) destabilizes the CAO protein in the presence of Chl b ( Yamasato et al. 2005 ). The protease recognition sequence (degron) was identifi ed in this domain ( Sakuraba et al. 2009 ) and Clp protease was suggested to be involved in this process ( Nakagawara et al. 2007 ). The regulation of Chl b synthesis by these mechanisms is thought to be important for controlling the antenna size and for dissipation of excess energy.
However, recent studies with transgenic plants lacking the ability to control Chl b synthesis uncovered other important roles of the regulation of Chl b synthesis. When etiolated seedlings of the transgenic plants, which harbor the A-domaindeleted CAO genes, were greened under continuous illumination, the growth rate was retarded and cell death was induced under HL conditions ( Yamasato et al. 2008 ) . Wild-type (WT) etiolated seedlings predominantly accumulated monovinylprotochlorophyllide a ; however, this compound was present at very low levels in the transgenic plants. This highlights the importance of the regulation of Chl b synthesis for the proper function of 3, 8-divinyl protochlorophyllide a 8-vinyl reductase. Another important function of Chl b synthesis is to ensure correct localization of Chl b in the light-harvesting systems. In green plants, Chl b exists exclusively in the peripheral antenna while the core antenna has only Chl a ( Green and Durnford 1996 , Barber et al. 2000 , Satoh et al. 2001 . Furthermore, the Chl a/b ratio in the LHC is strictly regulated and each LHC monomer usually binds eight Chl a and six Chl b molecules ( Liu et al. 2004 ) . When the CAO of Prochlorothrix hollandica was introduced into Arabidopsis ( Ph CAO plants), the Chl b content drastically increased, and Chl b was incorporated into core complexes of photosystems, indicating that CAO plays an essential role in the proper distribution of Chl b ( Hirashima et al. 2006 ) . However, the importance of the proper localization of Chl b has not been shown experimentally. Study of the mutants that accumulate excess Chl b might provide clues to answer this question.
In this report, we studied photosynthetic properties and genome-wide gene expression of a transgenic plant that accumulates a large amount of Chl b . This transgenic plant showed modifi ed gene expression and did not respond properly to HL conditions, resulting in severe photodamage. The importance of the regulation of Chl b synthesis is discussed in relation to the construction of the LHCs, energy transfer between Chls and genome-wide gene expression.
Results

BC plants exhibited severe photodamage under HL conditions
In this study, we used transgenic plants that express BC domains fused with green fl uorescent protein (GFP) at the C-terminus (BC plants: Sakuraba et al. 2009 ). The Chl a/b ratio of BC plants was much lower than that of WT plants ( Fig. 1B ) , while the total Chl content of BC plants was the same as that of the WT under LL conditions (50 µ mol m − 2 s − 1 ) ( Fig. 1A ) . When LL-grown WT plants were transferred to medium light (ML; 500 µ mol m − 2 s − 1 ) or HL (1,000 µ mol m − 2 s − 1 ) for 5 d, the leaf color became purple due to the accumulation of anthocyanins ( Fig. 1C ). In contrast, the level of anthocyanin was low in BC plants, and some of their BC leaves exhibited severe leaf chlorosis under HL conditions ( Fig. 1C ) . The Chl content of BC leaves decreased drastically during HL treatment compared with WT leaves ( Fig. 1A ) .
The extensive decrease in Chl content during HL treatment suggests photodamage in BC plants. In order to examine the photosynthetic activity, the maximal photochemical effi ciency of PSII ( F v / F m ratio) was measured during HL treatment. The F v / F m ratios of WT and BC plants were 0.82 and 0.74, respectively, under LL conditions ( Fig. 2 ) . When WT plants were transferred to HL or ML conditions, the F v / F m ratios decreased but increased again after 1 d, indicating that WT plants can at least partly acclimate to HL conditions. In contrast, the F v / F m ratio was drastically decreased in BC plants under HL or ML conditions and never increased when the plants returned to HL conditions. Next, we examined the changes in protein levels of photosystems before and after HL treatment ( Fig. 3 ) . Under LL conditions, protein levels were almost the same in WT and BC plants, with the exception of a small increase in the LHCs of PSII (LHCII). Protein levels decreased by only 10-50 % in WT plants after 3 d of HL treatment; however, core proteins of PSII (CP43, CP47 and D1) decreased to almost undetectable levels and only a small amount of LHCII and the core of PS1 (CP1) remained in BC plants.
To investigate whether photodamage of BC is accompanied by the production of reactive oxygen species (ROS), we examined H 2 O 2 accumulation by 3,3-diaminobenzidine (DAB) staining ( Fig. 4 ) . After HL treatment, BC leaves exhibited a strong brown color, while WT leaves were only slightly stained even after 3 d of HL treatment. Interestingly, BC leaves were slightly stained before HL treatment, indicating that a small amount of ROS was produced even under LL conditions. These responses of BC plants are similar to those of the mutants defective in ROS scavenging enzymes such as catalase ( cat2 : Vandenabeele et al. 2004 ).
Energy transfer rates decreased in BC plants
Previously, we described the introduction of Prochlorothrix CAO, which lacks the sequence corresponding to the A-domain of Arabidopsis CAO, into Arabidopsis ( Ph CAO; Hirashima et al. 2006 ) . In Ph CAO plants, the Chl a/b ratio was drastically decreased and about 40 % of Chl a in the core antenna complexes was replaced by Chl b . In this study, we compared the Chl a/b ratios of photosystem complexes in BC plants with those in WT plants by native green gel analysis. In WT plants, the Chl a/b ratios of CP1, CP43/47 and LHCII were 10.5, 5.3 and 1.52, respectively. In contrast, the Chl a/b ratios of CP1 and CP43/47 of BC plants decreased to 2.2 and 2.0, respectively, indicating that Chl b is incorporated into core antenna complexes. The Chl a/b ratio of LHCII also decreased to 0.85 in BC plants.
These results indicate that the arrangement of Chl a and b in the complexes was altered in the BC photosystems. In order to determine whether energy transfer between Chl molecules proceeds properly in BC plants, we carried out spectral analyses. Fig. 5A shows the absorbance spectra of thylakoid membranes. The absorbance at 470 and 650 nm, which corresponds to Chl b , signifi cantly increased compared with the Chl a peaks at 440 and 680 nm in BC plants. This is consistent with the effects observed for the Chl a/b ratios. Next, we measured room temperature fl uorescence spectra of thylakoid membranes of WT and BC plants. Photons with wavelengths of 440 and 470 nm predominantly excite Chl a and Chl b molecules, respectively. Upon 440 or 470 nm excitation, there were no signifi cant differences in fl uorescence spectra between WT and BC plants ( Fig. 5B , C ), indicating that excitation energy was effi ciently transferred from Chl b to Chl a in BC plants. However, the Chl a fl uorescence intensity at 680 nm was signifi cantly higher in BC than in WT plants ( Fig. 5B, C ) . Therefore, these results suggest that the quenching rate of the excitation energy received by Chl a molecules was lower in BC plants than in WT plants. This might be caused by insertion of Chl b into energy transfer paths among Chl a molecules. In order to examine energy transfer kinetics, we measured time-resolved fl uorescence spectra (TRFS) of thylakoid membranes at 77K ( Fig. 6 ). Fluorescence at around 685 and 735 nm derives from PSII and PSI, respectively ( Akimoto et al. 2005 ) . The relative intensities of PSII fl uorescence in BC were always higher than those in WT plants at all times. In addition, a peak shift from 680 to 695 nm occurred more slowly in BC than in WT plants. In contrast, the PSI fl uorescence spectra exhibited a peak at around 735 nm that was independent of delay time: this was common for both WT and BC plants. These fi ndings suggest that red Chls in PSII (695 nm) and in PSI (735 nm) are conserved in the BC. Fig. 7 shows the fl uorescence decay kinetics in thylakoid membranes monitored in the wavelength regions of 660-700 nm (PSII, Fig. 7A ) and 701-770 nm (PSI, Fig. 7B ). The PSII fl uorescence decayed slowly in BC compared with WT plants, whereas the PSI fl uorescence exhibited no differences. Analyses of the fl uorescence decays show that the PSII and PSI fl uorescence kinetics consist of three decay components, and one rise and three decay components, respectively ( Table 1 ). There was no remarkable difference in the PSI fl uorescence between WT and BC plants; however, a slightly longer rise time was found in BC plants. Therefore, the dissipation of excitatory energy in PSI red Chl should not be affected by the incorporation of Chl b , even though the energy transfer to red Chl might be slightly retarded. Conversely, the lifetimes of the three decays in PSII were prolonged in BC plants, indicating that alternations in Chl a by Chl b disturb the energy transfer among Chl a molecules. The longest lifetime obtained for the PSII fl uorescence of BC (4.9 ns) was similar to the fl uorescence lifetime of Chl a in benzene (5.2 ns; unpublished data), suggesting the existence of Chl a that is not incorporated into the energy transfer paths. This is also recognized as an increase in relative intensity of the 680 nm band compared with the 695 nm band in the later time region ( Fig. 6 ). This fi nding indicates that some higher excitation energy Chl a (680 nm component) cannot transfer to lower excitation energy Chl a (695 nm component).
Anthocyanin levels under HL conditions
We also found that BC plants visibly accumulated less anthocyanin than WT plants under HL and ML conditions ( Fig. 8A ) .
We quantifi ed the anthocyanin contents of leaves exposed to ML or HL for different periods. WT leaves accumulated about 140 mg of anthocyanins per gram of FW under both light conditions ( Fig. 8A, B ) . In contrast, BC leaves accumulated about 40 mg of anthocyanins per gram of FW under ML ( Fig. 8A ) , and they accumulated only a trace amount of anthocyanins under HL conditions ( Fig. 8B ) . It is possible that cell death in BC plants is induced under the HL condition because 660-700 nm WT 1.3 ns 73 ± 4 % 150 ± 30 ps 22 ± 4 % 820 ± 40 ps 4 ± 1 % 3.0 ± 0.1 ns BC 1.8 ns 77 ± 1 % 350 ± 10 ps 19 ± 1 % 1.4 ± 0.0 ns 3 ± 0 % 4.9 ± 0.1 ns 701-760 nm WT 2.6 ns -85 ± 15 % 40 ± 17 ps 24 ± 8 % 380 ± 100 ps 50 ± 3 % 1.9 ± 0.5 ns 26 ± 1 % 3.7 ± 0.3 ns BC 2.6 ns -87 ± 13 % 64 ± 10 ps 43 ± 3 % 350 ± 70 ps 36 ± 2 % 1.8 ± 0.1 ns 20 ± 1 % 3.7 ± 0.1 ns of severe photodamage and the inability to synthesize anthocyanin. In order to examine this possibility, we investigated the degree of cell death by trypan blue staining ( Fig. 8C ). WT leaves were not stained after 3 d of HL treatment. In contrast, BC leaves were stained with a deep blue color under both light conditions. However, BC leaves exposed to HL for 1 d showed slight staining by trypan blue, indicating that cells were still alive after 1 d of HL treatment. Considering that WT leaves already accumulated anthocyanins after 1 d of HL treatment but BC plants did not, anthocyanin synthesis might be downregulated at transcriptional or other regulatory steps in BC plants.
Transcriptome analysis of HL-treated WT and BC plants
In order to understand further the response of BC plants to light intensity, we investigated genome-wide gene expression in WT and BC leaves by a DNA microarray analysis that covered nearly all Arabidopsis genes. First, we assessed the individual expression of all known genes of the anthocyanin biosynthetic pathway. Table 2 depicts the expression profi les of the genes encoding enzymes that catalyze the conversion of chalcone to anthocyanins ( Winkel-Shirley 2002 , Vanderauwera et al. 2005 ) and the production two known regulatory MYB transcription factors, anthocyanin pigment 1 (PAP1) and 2 (PAP2) ( Borevitz et al. 2000 , Springob et al. 2003 . These transcripts were generally up-regulated in both WT and BC plants after HL treatment, but the degree of up-regulation in BC plants was much lower than in WT plants ( Table 2 ). These mRNA levels of anthocyanin synthesis-related genes were consistent with the reduction of anthocyanin accumulation in BC plants. Interestingly, microarray analysis showed that the transcriptome of anthocyanin synthesis-related genes was down-regulated in BC plants even before the exposure to HL treatment in BC plants. We further confi rmed this result using a real-time PCR approach. mRNA levels of chalcone synthase (CHS) and PAP1 were lower than those in WT plants ( Fig. 9 ) under the LL condition, which was consistent with the microarray experiments.
We also found that the response of BC plants to ML treatment was similar to that of catalase-defi cient mutants. Vanderauwera et al. (2005) presented the 30 most up-regulated genes after HL treatment of catalase-defi cient mutants (CAT2HP1). We compared the expression of these H 2 O 2 -induced genes in both BC and WT plants ( Supplementary Table S1 ). In BC plants, almost all of these genes were signifi cantly up-regulated compared with the WT plants: the levels were similar to those in catalase-defi cient mutants. From these results, we could confi rm that the H 2 O 2 production in BC plants under ML or HL treatment is related to a modifi ed gene expression pattern.
Discussion
The distribution of Chl in light-harvesting systems is strictly regulated in green plants and, as a result, Chl b exists mostly in the peripheral antenna; only a trace of Chl b is found in the core antenna complexes. However, the reason for this strict distribution is not fully understood. When the regulation of Chl b synthesis is disturbed, its distribution in the antenna complexes is not correctly controlled, resulting in the incorporation of Chl b into core antenna complexes. The study of mutants could help answer the above question as well as elucidate the importance The fl uorescence spectra at room temperature were identical when either Chl a or Chl b was excited. This indicates that excited energy is effi ciently transferred from Chl b to Chl a ; however, Chl b is incorporated into Chl a -binding sites. This is reasonable because Chl b has higher excitation energy than Chl a , and Chl b transfers its excited energy to Chl a when these two molecules are close together. In contrast, analysis of fl uorescence decay curves and TRFS indicates that the energy transfer among Chl a molecules in PSII is hampered in BC plants. We assumed that when the Chl b molecule is incorporated into the Chl a -binding site, energy transfer among Chl a molecules is interrupted by the presence of high excitation energy Chl b . This might occur especially in PSII. Slower peak shift and lower relative intensity of the 695 nm band in BC plants indicate that the energy transfer around PSII core antennae including CP47 (695 nm component) was disturbed ( Fig. 6 ) .
We found evidence of accumulation of H 2 O 2 in BC plants, especially in HL conditions. Considering that only the localization of Chl b is changed in BC plants, it might be reasonable to assume that this change in Chl localization causes the production of H 2 O 2 . Although the detailed system of H 2 O 2 production in BC plants is not currently understood, one possible mechanism is that the long time that Chl is in an excited state results in the generation of 3 Chl which produces singlet oxygen. The singlet oxygen might fi nally cause H 2 O 2 production through the inactivation of enzymes for scavenging ROS or for CO 2 fi xation ( Asada 2006 ) , but the exact mechanism has not been understood.
In this study, we found that mRNA levels of genes involved in anthocyanin biosynthesis were down-regulated in BC plants. Suppression of anthocyanin synthesis genes might cause the reduction of anthocyanin accumulation in BC plants. This characteristic is similar to that observed in catalase-defi cient mutants, in which the transcriptome involved in anthocyanin biosynthesis was down-regulated under HL conditions ( Vanderauwera et al. 2005 ) . Interestingly, 30 genes that were up-regulated in the cat2 (CAT2HP1) mutant of Arabisopsis were also up regulated in BC plants ( Supplementary Table S1 ). Considering that H 2 O 2 accumulates in BC plants under HL conditions and that catalase is a major H 2 O 2 scavenger ( Vandenabeele et al. 2004 ) , we expect that H 2 O 2 might mediate the HL response in BC plants.
Here, we found that correct arrangement of Chl a and b in the pigment-protein complexes is indispensable for effi cient energy transfer between Chl a molecules. The shuffl ed pigment systems produce H 2 O 2 , resulting in the modifi cation of gene expression, the failure to synthesize anthocyanin and, consequently, the improper response to ML or HL conditions. Defi ciency of anthocyanin might also enhance phototodamage. For these reasons, regulation of Chl b synthesis is indispensable for accumulation of an appropriate amount, and for construction of intact photosystems; otherwise the plant cannot properly respond to environmental changes. It should also be noted that changes in the light-harvesting apparatus modifi ed the gene expression in the nuclei. H 2 O 2 production might mediate in this response; however, involvement of other factors cannot be excluded. Further studies must be done to clarify how chloroplast signals modify the nuclear gene expression.
Materials and Methods
Plant materials
We used Arabidopsis transgenic plants, BC-GFP (this transformant was described as the BC plant in this study), which expressed fusion transgenes corresponding to the transit peptide-BC domains of CAO-GFP ( Sakuraba et al. 2009 ). Columbia WT and transgenic plants were germinated on vermiculite and grown at 23 ° C under continuous LL conditions (white fl uorescent light at 50 µ E m − 2 s − 1 ). For HL experiments, 25-day-old Arabidopsis plants grown under the LL conditions mentioned above were transferred to ML (500 µ E m − 2 s − 1 ) or HL (1,000 µ E m − 2 s − 1 ) conditions. Rosettes were harvested after ML or HL treatment and then used for experiments.
Anthocyanin determination
Anthocyanin measurement was conducted according to a previously published method ( Wu and Spalding 2007 ) . Rosette leaves were harvested and immediately weighed. Leaves were placed into microcentrifuge tubes containing 350 µ l of extraction buffer (18 % 1-propanol, 1 % HCl and 81 % distilled water). These tubes were placed in boiling water for 3 min and then incubated in darkness for 6 h at room temperature. The tubes were centrifuged to pellet the tissue, and then 300 µ l of the solution was transferred to another tube and brought to a fi nal volume of 600 µ l by adding extraction buffer. The amount of anthocyanins in these extracts was quantifi ed spectrophotometrically and expressed using the following equation: (Abs 535 -Abs 650 ) per gram of FW.
In vivo detection of ROS
For in vivo detection of H 2 O 2 , HL-treated WT and BC plants were subjected to DAB staining ( Torres et al. 2002 ) . Rosette leaves before or after HL treatment were harvested and vacuum infi ltrated with the DAB solution (1 mg ml -1 DAB-HCl, pH 3.8).
Leaves were placed in a plastic box for 3 h and then fi xed with solution (3 : 1 : 1, ethanol/lactic acid/glycerol) for 15 min. The leaves were then kept in ethanol overnight to remove Chl. DAB formed a deep brown polymerization product upon reaction with H 2 O 2 in the presence of peroxidase ( Fryer et al. 2002 ) , which was photographed after removal of Chl from the rosette leaves as described above. Then, digital images of leaves were obtained with a Leica S6D stereomicroscope (Leica Microsystems, Wetzlar, Germany) and processed with Adobe Photoshop software version CS3 (Adobe, San Jose, CA, USA).
Immunoblot analysis
A 10 mg aliquot of rosette leaf tissue was homogenized with 100 µ l of extraction buffer [50 mM Tris, pH 6.8, 2 mM EDTA, 10 % (w/v) glycerol, 2 % (w/v) SDS and 6 % (v/v) 2-mercaptoethanol]. Homogenates were centrifuged at 10,000 × g for 3 min and supernatants (10 µ l) were subjected to 12.5 % (w/v) polyacrylamide SDS-PAGE separation. Subsequently, the resolved proteins were electroblotted onto a Hybond-P membrane (GE Healthcare, Buckinghamshire, UK). Anti-CAO primary antisera were raised against the recombinant Arabidopsis polypeptide produced in Escherichia coli in our laboratory ( Yamasato et al. 2005 ) , anti-CP1 and anti-CP43 were raised against purifi ed proteins ( Tanaka et al. 1991 ) and the other primary antibodies were obtained from Agrisera (Vannas, Sweden). Anti-rabbit IgG linked to horseradish peroxidase (GE Healthcare) was used as a secondary antibody. The horseradish peroxidase activity was detected using an enhanced chemiluminescence Western blotting detection system (ECL plus; GE Healthcare) according to the manufacturer's protocol.
Trypan blue staining
WT and BC leaves were harvested and stained with lactophenoltrypan blue solution (10 ml of lactic acid, 10 ml of glycerol, 10 g of phenol and 10 mg of trypan blue, dissolved in 10 ml of distilled water) ( Koch and Slusarenko 1990 ) . Leaves were boiled for 1 min in the solution and then decolorized in chloral hydrate solution (75 g of chloral hydrate dissolved in 30 ml of distilled water) overnight. Then, digital images of each leaf were obtained with a Leica S6D stereomicroscope and processed with Adobe Photoshop software version CS3.
Measurements of the maximum photochemical effi ciency of PSII
The maximal photochemical effi ciency of PSII ( F v /F m ratio) was measured using a PAM 2000 fl uorometer (H. Walts, Effeltrich, Germany). Rosette leaves were dark adapted for 5 min and F v / F m was measured at 20 ° C. This 5 min dark treatment resulted in the complete oxidation of Q A .
Microarray analysis
Microarray analysis was conducted according to a previously published method ( Kamada-Nobusada et al. 2008 ) . Microarray experiments were performed using an Agilent Arabidopsis 3 Oligo Microarray (Agilent Technologies, Palo Alto, CA, USA) as recommended by the manufacturer. In two independent experiments, total RNA was isolated from rosette leaves of 20-30 WT and BC plants under both LL and ML conditions using the RNeasy Mini Kit (QIAGEN Science, Germantown, MD, USA). Feature extraction software (Agilent Technologies) was used to locate and delineate every spot in the array and to integrate the intensity, fi ltering and normalization of each spot. Further data analysis was performed using GeneSpring7 (Agilent Technologies).
Real-time PCR analysis
The transcript levels of CHS and PAP1 were determined by quantitative real-time PCR analysis. The PCR mixture contained 1 µ l of cDNA template, 10 µ l of 2 × quantitect SYBR green PCR Master Mix (Qiagen) and 0.25 µ M of the forward and reverse primers for each gene. Reactions were run on the LightCycler 2.0 instrument (Roche Diagnostics, Mannheim, Germany). The quantitative PCR was performed under the following conditions: 95 ° C for 2 min, followed by 45 cycles at 94 ° C for 5 s, at the annealing temperature of 55 ° C for 5 s and 72 ° C for 10 s. The quantitative PCR was carried out on three replicates per prepared cDNA sample, and the transcript levels of each gene were normalized against those of glyceraldehyde phosphate dehydrogenase (GADPH), as previously reported ( Czechowski et al. 2005 ) . CHS and PAP1 genes were amplifi ed using the gene-specifi c primers: CHS-forward, GCGGAGT ATCCTGACTACTACT; CHS-reverse, CATGTAAGCACACAT GTGTG; PAP1-forward, AACATTATTGATGTTAAGTC; and PAP1-reverse, ACGCCCATTCCTACAACACC).
Isolation of thylakoid membranes
Thylakoid membranes were isolated according to a previously published method ( Block et al. 2002 ) . A 10 g aliquot of rosette leaves was homogenized in a blender with 250 ml of ice-cold buffer containing 0.45 M sorbitol, 20 mM Tricine/NaOH (pH 8.4), 10 mM NaHCO 3 , 10 mM EDTA and 0.1 % bovine serum albumin. A chloroplast pellet was obtained by centrifugation at 1,500 × g for 3 min. The chloroplasts were disrupted in 10 mM MOPS (pH 7.6), 4 mM MgCl 2 and 1 mM phenylmethylsulfonyl fl uoride. Chloroplast subfractions were separated on a step gradient of 2.0-0.6 M sucrose in buffer R [10 mM MOPS (pH 7.6) and 4 mM MgCl 2 ] by ultracentrifugation at 70,000 × g for 1 h. The thylakoid fractions were collected from the interface between the 0.6 and 2.0 M sucrose layers.
Spectral measurements
Absorption and excitation spectra of thylakoid membranes were measured at room temperature using a Hitachi U-3310 spectrophotometer and F-2500 fl uorescence spectrophotometer, respectively. Absorption spectra were normalized against the total Chl concentration. For the absorption measurements, the Chl a and b concentrations of thylakoid samples were as follows, 0.27 and 0.11 µ g ml − 1 in the WT, and 0.12 and 0.09 µ g ml − 1 in BC. For the fl uorescence measurements, the samples were diluted 100-fold with buffer R. Fluorescence spectra were obtained via excitation at 440 and 470 nm, and normalized against the Chl a and b concentration, respectively.
Time-resolved fluorescence spectra and fluorescence decay curves were measured using time-correlated single-photon counting methods ( Shimada et al. 2008 ). The excitation wavelength was 425 nm, with a pulse width of 80 fs. The data acquisition interval was approximately 2 nm, and the acquisition time was 6.1 ps per channel. Fluorescence lifetime was estimated via the convolution calculation ( O'Connor and Phillips 1984 ) .
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Supplementary data are available at PCP online. 
